Results of tests of 32 rectangular concrete beams reinforced with four different types of high yield-point steels are presented in this report. The beams had an effective depth of 12 in., a width of 12 in. and a distance center-to-center of supports of 9 ft. The four types of steel used were:' (1) hard grade steel, (2) nickel steel (one beam only) (3) square twisted bars, and (4) "twin-twisted and stretched" bars.
FIG. I-LOAD DIAGRAM AND LOCATION OF STEEL INTRODUCTION
Purpose-The purpose of this investigation is to study the behavior of various types of high yield-point steels as tension reinforcing in concrete beams. The' question: of adopting increased allowable unit stresses' for high yield-point strength steel reinforcing is of current interest among designing engineers, In some localities higher stresses have been allowed for special types of steels in which the yield point has been raised by simultaneously stretching and twisting two round bars together.
A previous investigation considered principally "twin-twisted and stretched" bars in comparison with structural grade carbon steel 1,2. The present program has been designed to coincide with the previous tests in regard to dimensions of specimens and strength of concrete so that the data from both sources would be directly comparable.
TEST PROGRAM Thirty-two beams were made for this program. Several sizes of each type of bar were used except in the case of the nickel steel. The variables include the type of steel, the percentage of steel, and the size of steel. Table 1 shows the type, size, and amount of reinforcing used in each beam. Modulus tests on concrete and steel were also determined. The general dimensions of the test beams and loading arrangement are shown in Fig. 1 . A photograph of a typical beam in the testing machine prior to loading is shown in Fig. 2 .
Steel-Physical properties of the steels used are given in Table 2 . The various types of bars are shown in Fig. 3 . The first bar on the left is the %-in:. nickel steel bar, the next· four bars from the left are the hard grade bars, the next three are the square twisted bars, and the last five are the various sizes of "cold-twisted and stretched" bars The hard grade deformed bars were furnished by the Truscon Steel Co. Youngstown, Ohio. The yield point was noted by the "drop of the beam" method. Nickel steel for one beam was furnished by the International Nickel Co. of Bayonne, New Jersey. The yield point was determined by the A. S. T. M. offset method of 0.2 per cent elongation on both the nickel and square twisted steel. The square twisted steel was donated by the Bethlehem Steel' Co.,. of Bethlehem, Pa. The No. 1 and No.2 Isteg bars "twin-twisted and stretched" were purchased. A serie of tests was made to determine the effect of embedment on square twisted and "twin-twisted and stretched" bars. Three test specimen were made for each of the following bar sizes:~-in. square twi ted, %-in. square twisted, %-in. square twisted, and ,\/z-in¢¢ "cold twisted and stretched." These bars were embedded in the center of a quare concrete block 42 in. long with a %-in. coverage at the nearest face. Fig. 4 shows four of the specimens before testing. The "twin-twisted and stretched" bars were welded for a few inches on each end to keep them working uniformly in the grips of the machine The deflection in the 40-in. gage length was measured by two Ame dials reading to the nearest 1/1000 in. Fig. 5 shows the bars ju t after removal from the te ting machine. The concrete palled off to a greater degree in the "twin-twisted and stretched" bars than in the quare twisted bars, because longitudinal crack developed in these bars in addition to the transver e cracks. Observations showed that the modulus of square twisted bars was tinchanged by embedment. The apparent modulus of the "twintwisted and stretched" bars was raised in the initial range before failure of concrete in tension but at stresses greater than 15,000 p.s.i. it became practically the same as for the unembedded condition. In the working stress range the modulus of the "twin -twisted and stretched" bars was approximately 22,000,000 p.s.i. in both the unembedded and embedded tests, as can be determined by Fig. 6 . Concrete-The concrete was designed for 3300 p.s.i. at 28 days to correspond with the previous investigation!. A cement-water ratio by weight of 1.28 was used with 300 lb. of water per cubic yd. of concrete to give the desired workability. Pit sand from northern New Jersey was used for fine aggregate. The %-in. and %-in. crushed limestone rock used as coarse aggregate was do': nated by the Bethlehem Steel Corp., Bethlemem, Pa. The cement was donated by the Lehigh Portland Cement Co. The proportion of sand to coarse aggregate was established at 1:2 and the proportion of %-in. coarse to %-in. coarse was made 1:2 also.
Ten control cylinders were made for each pair of beams for the first 20 beams. For each of the last 12 beams five control cylinders were made and no strain readings were recorded. The average 28-day compressive strength of the cylinders for the first 20 beams is 3190· p.s.i., for the last 12 beams 3220 p.s.i.
FIG. 7-REINFORCING STEEL IN FORMS
Beams-The beams had an effective depth of 12-in., a width of 12 in., and an overall length of 10 ft. Supports were nine. feet center-tocenter and third-point loading was used as shown in Fig. 1 . The center of gravity of the steel was adjusted to exactly 12 in. by using various screeds which would give this desired depth. The steel was wired together before it was placed in the· steel forms which are shown in Fig. 7 .
In the first 20 beams an 8-in. stirrup spacing was used. Twelve of these beams were reinforced with hard grade deformed bars, 6 with square twisted bars, and 2 with "twin-twisted and stretched" bars. For beams with nearly equal steel areas diagonal tension failure resulted in 5 out of 6 beams with square twisted bars, both of the beams with "twin-twisted and stretched" bars, but in only 3 out of 6 beams with straight bars. This indicated a slight tendency toward diagonal failure in the case of beams with the square twisted bars and "twin-twisted and stretched" bars. The last 12 beams were designed to eliminate
., diagonal tension failure by use of additional stirrups. Fig. 1 indicates the stirrups used in the various beams. Four of these beams were reinforced longitudinally with hard grade deformed bars, three with square twisted, four with "twin-twisted and stretched," and one beam was reinforced with nickel steel. The stirrups used in all cases were intermediate grade X-in. diameter deformed bars with the bamboo or diamond deformations.
The concrete was mixed in 2X cu. ft. batches. Each batch was given a' three-minute mix. Steel plugs were cast in the compression side of each beam in order to measure the compression strains in the concrete.
At the age of one day the forms were stripped, and the beams were placed in the moist room until the age of 28 days at which time they were tested. The specim.ens were kept damp until they were placed in the testing machine.
Strain readings were taken on both the steel and concrete with a Whittemore strain gage measuring strains to the nearest 1/10,000 in. over a 10-in. gage length. Huggenberger readings were also made on some of the first beams tested but were discontinued because of difficulty encountered in attaching them to the curved surface of a reinforcing bar. Deflections were read on both sides at the center of the beams by means of Ames dials reading to the nearest 1/1000 in. Typical beam deflection curves for each type of reinforcing are shown in Fig. 8 .
TEST RESULTS
Tests of Materials-Results of tests of materials have been given in the preceding section and in Table 1 . Fig. 8 depict the "load-history" of the beams during three typical tests, giving a graphical picture of all stages of failure. The first break in the curve occurs at loads between 4000 and 12,000 lb. at which time the concrete fails in tension. Cracks show up on the tension side of the beam immediately after this failure and these progress in size and number as the load increases. It should be understood that these cracks are of sufficient size to be plainly visible and are not hair line cracks which are made visible only by soaking in water or through other artificial means. The curve then runs uniformly until the load at which the steel begins to yield. At this point the number of cracks depends upon the amount of reinforcing, and for any given number their size depends upon the deflection of the beam. The number of cracks varied from 4 in beams with a low percentage of steel to 18 in the beams with the high percentages. Fig. 9 , 10, and 11 show the typica,l condition of the beams after the ultimate load had been reached for beams reinforced with hard grade deformed bars, square twisted bars, and "twin-twisted and stretched" bars respectively. The upper break in the load-deflection curve will be regarded as the limit of structural usefulness or "structural yield point." The concrete begins to crush shortly after passing the "structural yield point" and the 
Typical Tests of Beams-The load-deflection curves in
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FIG. 12-RELATION BETWEEN STRUCTURAL YIELD AND TOTAL YIELD STRENGTH OF REINFORCING STEEL
FIG. 13-RELATION BE'l'WEEN ULTIMATE STRENGTH OF BEAMS AND TOTAL YIELD STRENGTH OF REINFORCING STEEL
u~timate strength of the beam is quickly reached. The "structural yield point" was arbitrarily determined by the graphical construction shown on the curves in Fig. 8 . The construction consisted in bisecting the angle formed by the intersecting extensions of the straight portions of the curve below and above the region of sharp curvature. This method is particularly adapted to the load deflection diagrams corresponding to these beam tests. is seen to be nearly linear and is independent of the type of reinforcing steel used.. Fig. 13 shows the relation between total yield-strength of the steel and ultimate strength of the beams. The Columbia tests are included in this diagram and a close agreement is noted with the Lehigh tests. The ultimate strength of the beams is also proportional to the total yield-strength of the steel. Fig. 12 and 13 show that both the structural yield and ultimate strength of a reinforced concrete beam depend primarily on the total yield-point strength of the steel regardless of the type of bar or manner' by which the high yield point is obtained.
Design Loads-Although no definite recommendations will be made in this report as to proper working stresses the test data will be compared at loads of one-third the ultimate and one-half the "structural yield point." Conservative practice' would allow the use of the minimum of these two values as a design load. In every beam of the 32 tested the load at one-third the ultimate was smaller than at onehalf the "structural yield point." This result was made probable because the structural yield of the beams was always closely followed by ultimate failure.
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FIG. IS-EFFECT OF BOND ON TOTAL NUMBER OF CRACKS AT ULTIMATE LOAD
• If increased stresses are to be allowed for high yield strength steels the allowable working stresses will probably be specified at some percentage of the yield-point strength. Fig. 14 and 15 present the ratio of calculated stress to yield stress of the steel at one-third the ultimate and one-half the structural yield point, respectively. The stress calculation is based on the usual straight-line stress-strain assumption with a value n = 10 assumed for straight and square twisted bars and n = 7.5 assumed for "twin-twisted and stretched"
bars to correspond to a modulus of 22,000,000 p.s.i. The difference between these assumed values of n effects the calculation of stress by only slightly over one per cent. The deflection of reinforced concrete beams may be a criteria of design in certain cases. Fig. 16 compares the deflections of all the beams at loads of one-third the ultimate strength. The results are somewhat scattered but the average deflection of the beams reinforced with "twin-twisted and stretched" bars ranges from 20 to 35 per cent greater than the average for the beams reinforced with either hard grade or square twisted bars. This increase of deflection agrees well with the fact that the modulus of "twin-twisted and stretched" bars was 25 per cent lower than that of straight bars.
The development of cracks on the tension side of the beam was noted carefully during all the tests. The lower curve in Fig. 17 shows, the computed steel stresses for loads at which the first cracks were plainly visible (not hair-line cracks), and the upper curve indicates the computed steel str~sses at the appearance of five cracks. For the higher percentages steel the first visible cracks were noted at steel stresses in the neighborhood of 20,000 p.s.i. In this connection the January 1937 Progress Report of the Joint Committee on Standard Specifications for Concrete and Reinforced Concrete states in Section 875:
In view of the extent to which cracks may develop on the tension face of flexural members the unit tensile stress should be limited to 20,000 lb. p.s.i. in important structural members such as beams, girders, and members of rigid frames.
The number of cracks increased up to the structural yield point, at which load their maximum width was between /2 and 6 3 4 in. The type of reinforcing bar had no observable effect upon the number or size of the cracks. Fig. 18 shows the relation between the maximum number of cracks recorded and the ratio of bond area per inch to conc rete area. CONCLUSIONS 1. Both the general "structural yield" and ultimate strength of reinforced concrete beams are proportional to the total yield strength of the tensile reinforcing (yield point stress times steel area) irrespective of the type of bar provided that diagonal tension failure does not occur.
2. No peculiar advantages or disadvantages as tensile reinforcing other than the difference in their respective yield points pertained , to any of the types of bars tested except for differences in beam deflection. 3. Beams with "twin-twisted and stretched" bars deflected from 20 to 35 per cent more at a working load of }1 the ultimate than the average of beams, with hard grade or square twisted bars.
4. With only three exceptions out of 32 beams tested no cracks were visible to the eye at close range' at computed steel stresses under 20,000 p.s.i.
5. Within: the -range of steel percentages used in the present series of tests (less than 1.00 per cent) the maximum allowable working stresses would be: (a) 40 per cent of the yield-point stress for a factor of safety or 3 with respect to the ultimate strength of the be'am; (b) 50 per cent of the yield-point stress for a factor of safety of 2 with respect to the structural yield point. 
